ABSTRACT
Malignant melanoma is a highly aggressive tumor of the pigment-producing cells in the skin with a rapidly increasing incidence and a poor prognosis for patients with advanced disease that is resistant to current therapeutic concepts. Therefore, the development of novel strategies for treating melanoma are of utmost importance. In melanoma, both the Ras-Raf-MEK-ERK (MAPK) and the PI3K-AKT (AKT) signaling pathways are constitutively activated through multiple mechanisms, and thus exert several key functions in melanoma development and progression. Conversely, several molecules known to play key roles in melanoma development and progression such as the adhesion molecules E-/N-cadherin, MelCAM and alphavbeta3 integrin are regulated by these pathways and/or activate the same. The results of the research to date indicate that in melanoma both the MAPK and the AKT signaling pathways may represent promising therapeutic targets.
INTRODUCTION
Malignant melanoma, a highly malignant tumor of the pigment-producing cells in the skin, is among the human cancers whose incidence has increased most rapidly in the last few decades (1, 2) . Mortality rates have also increased, though at a slower rate (1) . Malignant melanoma presents a therapeutic challenge. When diagnosed early, melanoma is highly curable by surgical excision with adequate safety margins. Patients with distant metastases, however, have a median survival time of only 6-9 months (3). Therefore, one of the major goals of melanoma research has been to identify molecular targets for the development of novel treatment strategies. This article reviews selected recent advances in the understanding of melanoma biology with an emphasis on describing molecular targets for which there is hope to allow rapid clinical translation. An extracellular factor such as a growth factor (GF) interacts with its receptor tyrosine kinase (RTK) and induces receptor dimerisation and autophosphorylation on tyrosine residues. The phosphotyrosines function as docking sites for the growth-factor-receptor-bound protein 2 adapter protein (Grb2). Grb2 pulls the GDP/GTP exchange factor son of sevenless (SOS) to the cell membrane. SOS induces switching of the Ras-family GTPases from the inactive GDP-bound state to the active GTP-bound state. Activated Ras binds to the Raf serine/threonine kinases (A-Raf, B-Raf, C-Raf/Raf-1) and recruits them to the cell membrane. Activation of B-Raf is obtained after binding to Ras alone whereas for activation of A-Raf and Raf-1 additional signals are required. Raf-1 activation is a multistep process that requires the phosphorylation of activating sites by other kinases (e.g. Src) as well as the dephosphorylation of inhibitory sites by protein phosphatase 2A (not shown). Activated Raf phosphorylates and activates MEK which phosphorylates and activates ERK. The Raf-MEK-ERK cascade is scaffolded by the kinase suppressor of Ras (not shown). Activated ERK has many substrates in the cytosol and can also enter the nucleus to regulate gene expression by phosphorylating transcription factors (TFs).
well as tumor-promoting factors utilize the Ras/Raf/mitogen-activated protein kinase kinase /extracellular signal-regulated kinase (Ras/Raf/MEK/ERK) (MAPK) signaling pathway (figure 1) that represents an ubiquitous signaling module for the linkage of extracellular signals to the cytoplasmic and nuclear effectors and regulates cell behavior such as cellular proliferation, differentiation, survival and apoptosis (4, 5, 6 ). An extracellular factor such as a growth factor interacts with its respective receptor tyrosin kinase. Grb2 (growth-factorreceptor-bound protein 2 adapter protein) recognizes tyrosine phosphate docking sites located on the receptors or on receptor substrate proteins and pulls the GDP/GTP exchange factor SOS (son of sevenless) to the cell membrane. SOS induces switching of the Ras-family GTPases from the inactive GDP-bound state to the active GTP-bound state. One of these Ras-activated pathways is a family of serine/threonine kinases called the mitogenactivated protein kinases (MAPKs). Activated Ras binds to the Raf serine/threonine kinases with high affinity and causes their translocation to the cell membrane and activation. In mammals, the Raf family of serine/threonine kinases comprises three members: A-Raf, B-Raf and C-Raf (Raf-1). Activation of B-Raf is obtained after binding to Ras alone, whereas additional signals are required for activation of A-Raf and C-Raf. All three Raf isoforms share Ras as upstream activator and MEK as the only downstream effector. Activated Raf can activate both serine/threonine kinases MEK1 and MEK2 by phosphorylation of two serine residues. Activated MEK activates the serine/threonine kinases ERK1 and ERK2 via phosphorylation of a Thr-Glu-Tyr motif in the activation loop. Both MEK and ERK isoforms are usually coexpressed, and ERK1 and ERK2 appear to be functionally equivalent. ERK represents the endpoint of the Ras-Raf-MEK-ERK signaling pathway and has more than 50 substrates. Phosphorylated ERK is able to translocate into the nucleus and regulate gene expression via phosphorylation and activation of a variety of transcription factors.
Activation of MAPK signaling pathway in melanoma
There is growing evidence suggesting that activation of the Ras-Raf-MEK-ERK signaling pathway is important in the pathogenesis of melanoma. Activation of the Ras-Raf-MEK-ERK signaling pathway in melanoma occurs through multiple mechanisms (figure 2).
In 9-15% of melanomas activating mutations of Ras have been found with most of them being in the N-Ras gene (7, 8) . Mutations in N-Ras stabilise the protein when it is bound by GTP maintaining N-Ras in the activated state. Activated N-Ras phosphorylates B-Raf, C-Raf and PI3 kinase.
A recent discovery has excited the melanoma research community (9) . Davies et al detected B-Raf somatic missense mutations in 66% of melanomas. All mutations were within the kinase domain with a single substitution (T →A) of glutamate for valine (V599E) accounting for 80%. Mutated B-Raf proteins had elevated kinase activity, stimulated activity of endogenous ERK, transformed NIH3T3 cells and made cells independent of Ras function. Wan et al. analysed the activation mechanism of the MAPK pathway by oncogenic mutations of B-Raf (10) . B-Raf residues G595-V599 of the activation loop have hydrophobic interactions with residues G463-V470 of the P-loop. In this conformation, the catalytic residues are not capable of ATP binding. B-Raf mutations destabilise this interaction and disrupt the inactive conformation. There is a high frequency of activating B-Raf mutations in melanomas arising on intermittently sun-exposed skin whereas melanomas arising in chronically sun-damaged skin and melanomas on skin relatively or completely unexposed to sun rarely harbor activating B-Raf mutations (11, 12) . These data suggest that UV exposure plays a role in the etiology of B-Raf mutations in melanoma despite the absence of the classical UV-radiation-induced C>T or CC>TT mutation signature, and propose that mechanisms other than pyrimidine dimer formation may be important. Surprisingly, in subsequent studies B-Raf mutations were detected in 82% histologically diverse melanocytic nevi including congenital, compound, dermal and dysplastic nevi (13) suggesting that B-Raf mutation is an early but not sufficient event in malignant melanocyte transformation. Interestingly, activation of ERK is low in atypical nevi which are supposed to be precursors of melanoma but becomes readily detectable in early radial growth phase and advanced melanomas (14) . An inhibitory molecule that down-regulates the effects of the MAPK signaling pathway is the Raf kinase inhibitor protein (RKIP). Immunostaining of RKIP in melanocytic tumors revealed strong cytoplasmic RKIP staining in benign melanocytic nevi, whereas RKIP expression was diminished or completely lost in primary malignant melanomas and metastases (15) . In line with the in vivo fndings, overexpression of RKIP in the highly invasive Mel Im cell line resulted in significant inhibition of invasiveness in vitro (15) . Maldonado et al. analysed Spitz nevi. Biologically, Spiz nevi are benign melanocytic nevi (16). Histopathologically, Spitz nevi overlap with melanoma. Immunohistochemistry yielded high levels of phospho-ERK and cyclin D1 expression suggesting MAPK pathway activation. In contrast to the MAPK pathway activation, the proliferation rate was low. An analysis of cell cycle inhibitory proteins revealed that the majority of Spitz nevus cells expressed high levels of the cell cycle inhibitory protein p16. Maldonado et al. propose that in benign melanocytic nevi with constitutive activation of the MAPK pathway the cell cycle inhibitory protein p16 mediates oncogene-induced cell-cycle arrest preventing progession to melanoma. Arbiser proposes the enzyme MAP kinase phosphatase as melanoma tumor suppressor (17) . Atypical nevi are supposed to be precursors of melanoma and harbor two genetic mutations, hemizygosity of p16ink4a and activating mutations of BRaf. Arbiser suggests that loss of the defensive enzyme MAP kinase phosphatase is necessary to convert atypical nevi into melanoma.
A recent study provided evidence that one of the mechanisms underlying constitutive activation of the MAPK pathway may be overexpression of wild type B-Raf as a consequence of gene amplification (18 In line with these findings are data of a recent study (22) . Metastatic melanoma cells were treated with adenoviruses expressing antisense FGF-2 and neutralizing antibodies to HGF, respectively. Significant inhibition of ERK phosphorylation was observed when cell surface signaling from FGF receptor or HGF receptor was neutralized. Altogether, these data suggest that FGF-2 and HGF act in addition to activating B-Raf mutations to stimulate ERK phosphorylation.
However, melanoma in a tissue context may have additional support from exogenous stimulation such as paracrine mechanisms and adhesion receptor signaling. For example, melanoma cells produce platelet-derived growth factor (PDGF) as either PDGF-AA or PDGF-BB but do not express the receptor for PDGF-B (23). PDGF-B appears to be produced solely for paracrine stimulation of fibroblasts in the tumor stroma which in turn secrete insulin-like growth factor-1 (IGF-1). IGF-1 or its substitute insulin is one of the most critical growth factors that is required for growth of melanocytes, nevus cells, radial growth phase (RGP) and early vertical growth phase (VGP) melanoma cells in chemically defined media (24). The receptor for IGF-1, IGF-1R, is expressed by all melanocytic cells (25). Satyamoorthy et al. studied the feedback from fibroblasts to melanoma cells by using an adenoviral vector for overexpression of IGF-1 in melanoma cells (26). IGF-1 induced survival, growth and migration of RGP melanoma cells through activation of two signaling pathways, the proliferation MAPK and the survival AKT signaling pathways. The adhesion molecule alphavbeta3 integrin assumes several key functions in melanoma progression (27). Integrin signaling occurs through both the MAPK and AKT signaling pathways (28) whereas signaling of the other major adhesion molecules in melanoma, MelCAM and N-cadherin, occurs through the AKT signaling pathway (29, 30). Thus, adhesion molecules appear to co-operate with receptor tyrosine kinases for activation of the major proliferation and survival pathways. Using a threedimensional dermal collagen model mimicking the pathophysiological environment of malignant melanoma in the dermis, Bao et al. found that alphav integrin controls melanoma cell survival through a pathway involving p53 regulation of MAPK signaling pathway (31).
Role of MAPK signaling pathway in melanoma proliferation
Regulation of cell proliferation takes place during the G1 phase. The G1 phase is the first pause in the cell cycle where converging signals determine wether the cell stays in the G1 phase or progresses into the DNA synthesising S-phase. Physiologically, regulation at the G1 phase is controlled by growth promoting cyclins and cyclin-dependent kinases (CDKs) and by CDK inhibitors. In cancer, breakdown in the regulation at G1, through overstimulation of cyclins and their kinases, loss of CDK inhibitors, or inactivation of the retinoblastoma protein, leads to dysregulated cell growth. The MAPK signaling pathway plays a relevant role in the control of progression through G1 into S-phase. ERK regulates the expression of cyclin D1 (32), and sustained ERK activation is required to pass the G1-restriction point (33).
ERK activity is involved in the proliferation of human melanoma cell lines which can be blocked by MEK inhibitors (34, 35, 36). Inhibition of constitutive ERK activity in melanoma cells leads to cell cyle arrest at the G1 phase through downregulation of CDK2 activity and retinoblastoma protein phosphorylation and through upregulation of the CDK inhibitor p27/Kip1 (36). Data of several recent studies indicate that in melanoma V599E B-Raf stimulates constitutive ERK activity and induces proliferation (37, 38, 39, 40). In vitro, both B-Raf depletion by siRNA and Raf inhibitor BAY 43-9006 blocked ERK activity and inhibited DNA synthesis in melanoma cell lines (37). In vivo, Raf inhibitor BAY 43-9006 induced reduction in MEK activity and growth delay in melanoma tumor xenografts (37). RNA interference (RNAi) with HIV lentiviral vectors specific for either wild type B-Raf or V599E B-Raf inhibited the growth of most melanoma cell lines in vitro and in vivo accompanied by decrease of B-Raf protein and ERK phosphorylation (38). Interestingly, the V599E B-Raf-specific siRNA exclusively inhibited MAPK activity and growth of melanoma cells harboring the V599E B-Raf mutation and did not affect the normal fibroblast culture. Experimental studies by Goodall et al. provided evidence that the Brn-2 transcription factor links activated B-Raf to melanoma proliferation (41). Goodall et al. found that 1) Brn-2 is not expressed in melanocytes but is highly expressed in melanoma cells, 2) overexpression of Brn-2 in melanocytes results in increased proliferation, 3) the Brn-2 promoter is stimulated by activating B-Raf mutants, and 4) siRNA-mediated depletion of Brn-2 in melanoma cells expressing activated B-Raf leads to decreased proliferation.
Role of MAPK signaling pathway in melanoma survival/apotosis
Inhibition of MAPK signaling pathway induces apoptosis in melanoma cells in vitro (37, 39). Hingorani et al. reported that suppression of V599E B-Raf expression by RNA interference in cultured melanoma cells inhibited the MAPK cascade, caused growth arrest and promoted apoptosis (39). In a study by Karasarides et al., both B-Raf depletion by siRNA and Raf inhibitor BAY 43-9006 blocked ERK activity, inhibited DNA synthesis and induced apoptosis in melanoma cell lines (37). The mechanisms by which ERK inhibits apoptosis are not well established.
ERK is able to modulate the activity of Microphthalmia-associated transcription factor (MITF) (6) . MITF is discussed as the master gene for melanocytic survival. In a study by King et al., MITF was expressed in all melanoma samples tested (42) . MITF regulates the expression of the antiapoptotic protein Bcl-2 and thereby modulates cell survival (43) . Using a dominant negative MITF protein, melanoma cells underwent apoptosis; after overexpression of Bcl-2, melanoma cells were protected from apoptosis.
Eisenmann et al. suggest that the MAPK pathway mediates melanoma-specific survival signaling by differentially regulating RSK-mediated phosphorylation of the proapoptotic protein Bad. The 90-kDa serine/threonine ribosomal S6 kinase (RSK) is a downstream effector in the MAPK signaling pathway. RSK phosphorylates the proapoptotic Bcl-2 family protein Bad at Ser 75 , thereby facilitating its inactivation through binding to the chaperone protein 14-3-3 and sequestration in the cytosol. In melanoma cells, the MAPK/RSK signaling module is constitutively hyperactivated, and Bad is maintained in its inactive state, thereby promoting melanoma cell survival. Inhibiting MAPK/RSK signaling by a MEK inhibitor effectively induces apoptotic cell death. Taken together, these findings indicate that constitutive activation of MAPK/RSK signaling and sustained Bad inactivation provide a tumor-specific survival mechanism for melanoma cells. (44) .
In a study by Zhang et al., the relation between MAPK signaling pathway and TRAIL-induced apoptosis was examined (45) . TNF-related apoptosis-inducing ligand (TRAIL) induces apoptosis of melanoma by release of Smac/DIABLO from mitochondria into the cytosol. Activation of ERK protects melanoma cells from TRAILinduced apoptosis by inhibiting Smac/DIABLO release from mitochondria. Inhibition of MAPK signaling by the MEK inhibitor U0126 sensitized melanoma cells to TRAIL-induced apoptosis. In the presence of U0126 increased translocation of the multidomain BH3 proapoptotic protein Bax from the cytosol to the mitochondria was observed leading to changes in mitochondrial membrane permeability and increased release of Smac/DIABLO into the cytosol. These results suggest that MAPK signaling may protect melanoma cells against TRAIL-induced apoptosis by inhibiting the relocation of Bax from the cytosol to mitochondria and that this may reduce TRAIL-mediated release of Smac/DIABLO and induction of apoptosis.
There is evidence that the sustained activation of the MAPK signaling pathway is involved in the expression of beta3 integrin (46) . Petitclerc et al. demonstrated that the survival and proliferation of melanoma cells in the dermis is regulated by the interaction of beta3 integrin with denatured collagen (47) . Consistent with this observation, Hsu et al. found that the overexpression of alphavbeta3 integrin in radial growth phase melanoma cells promotes both anchorage-dependent and -independent growth, protects the invading tumor cells from apoptosis, and promotes tumor growth in vivo (27).
Role of MAPK signaling pathway in melanoma invasion
In normal skin, melanocytes interact with keratinocytes through the adhesion molecule E-cadherin (48) . During melanoma development, downregulation of Ecadherin with upregulation of N-cadherin has been observed (48) . The switching of cadherin subtypes frees melanoma cells from keratinocyte-mediated control and enables melanoma cells to interact directly with other Ncadherin-expressing cells such as surrounding melanoma cells, fibroblasts and endothelial cells, thus affecting tumorhost cell adhesion, tumor cell invasion and migration, and gene expression (49) . Downregulation of E-cadherin expression appears to be mediated by autocrine hepatocyte growth factor (HGF) during melanoma development (21). In contrast to melanocytes, melanoma cells express HGF. The HGF receptor c-Met is expressed by all melanocytic cells. In melanoma cells, autocrine HGF caused constitutive activation of both the MAPK and phosphatidyl-3 kinase (PI3K)-AKT signaling pathways. When autocrine activation was induced with HGFexpressing adenoviruses in melanocytes, E-cadherin expression was decreased (figure 3). Inhibition of MAPK and PI3K-AKT signaling pathways by the MEK inhibitor PD98059 and the PI3K inhibitor wortmannin, respectively, partially blocked the downregulation of E-cadherin suggesting that both signaling pathways are involved in this process.
Sustained activation of the MAPK signaling pathway is involved in the expression of the adhesion molecule beta3 integrin ( figure 3) (46) . The pronounced expression of beta3 integrin in all advanced vertical growth phase melanomas indicates that beta3 integrin is decisively involved in melanoma invasion (50) . Overexpression of alphavbeta3 integrin in radial growth phase melanoma cells initiated invasive tumor growth into the dermis of human skin reconstructs, and promoted tumor growth in vivo (27). Results of both in vitro and in vivo studies indicate that beta3 integrin-mediated signal processes induce the expression and activation of MT-MMP-1 (membrane-type matrix metalloproteinase-1) and matrix metalloproteinase-2 (MMP-2) and thus facilitate the degradation of the matrix and invasion of the tumor cells (51).
Furthermore, the MAPK signaling pathway appears to be involved in the expression of beta1 integrin (figure 3) (38). RNA interference (RNAi) with HIV lentiviral vectors specific for V599E B-Raf inhibited matrigel invasion of melanoma cells associated with a decrease of beta1 integrin expression and matrix metalloproteinase-2 activity.
Apparently, not all melanoma cell lines utilize the same signaling pathways to regulate the expression of proteases ( figure 3) . In VMM5 melanoma cells, both ERK and p38 MAP kinase regulate the expression of matrix metalloproteinase-1 (MMP-1), whereas in A2085 melanoma cells only ERK regulates MMP-1 expression (52). Treatment of A375 melanoma cells with the MEK inhibitors U0126 and PD98059 reduced matrigel invasion (53) associated with decreased expression of urokinase plasminogen activator (uPA) and matrix metalloproteinase-9 (MMP-9) (53) and decreased transcription of the MMP-1 promoter (54). When 1984-1 melanoma cells were treated with the MEK inhibitor U0126, matrigel invasion as well as expression and activity of MMP-2 were significantly decreased (55) . In a study by Sumimoto et al., A375mel (57) . An extracellular factor such as a growth factor interacts with its receptor protein tyrosine kinase (RPTK) resulting in autophosphorylation of tyrosine residues. Phosphatidylinositol-3 kinase (PI3K) consisting of an adaptor subunit p85 and a catalytic subunit p110 is translocated to the cell membrane and binds to phosphotyrosine consensus residues of the RPTK through ist its adaptor subunit. This results in allosteric activation of the catalytic subunit leading to production of phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 recruits signaling proteins with pleckstrin homolgy (PH) domains to the cell membrane including AKT. PTEN (phosphatase and tensin homologue deleted from chromosome 10) is a PIP3 phosphatase and negatively regulates the PI3K-AKT pathway. The interaction of PIP3 with the PH domain of AKT likely induces conformational changes in AKT, thereby exposing the two main phosphorylation sites at T308 and S473. T308 and S473 phosphorylation by protein serine/threonine kinase 3'-phosphoinositide-dependent kinases 1 and 2 (PDK1 and PDK2) is required for maximal AKT activation. Activated AKT translocates to the nucleus and mediates the activation and inhibition of various targets resulting in cellular survival and cell growth and proliferation. melanoma cells transduced with lentiviruses containing siRNA against V599EB-Raf mRNA displayed significantly reduced matrigel invasion accompanied by decreased MMP-2 activity and beta1 integrin expression clarifying the important role of V599EB-Raf in melanoma invasion (38).This is in agreement with a study by Huntington et al., showing that in four melanoma cell lines tested ERK was constitutively active driving the constitutive expression of MMP-1 (40). Blocking MEK/ERK activity inhibited not only proliferation but also abrogated collagen degradation. Thus, constitutive activation of ERK not only promotes proliferation of melanoma cells but is also important for the acquisition of an invasive phenotype. In contrast, MEK inhibition had no effect on invasion of MeWo melanoma cells; instead, invasion was mediated through activation of p38 MAP kinase (56).
4.
PI3K-AKT SIGNALING PATHWAY IN MELANOMA
The PI3K-AKT (AKT)signaling pathway
Phosphatidylinositol-3 kinases (PI3Ks) are a family of lipid kinases. Lipid kinases are able to phosphorylate inositol ring 3'-OH group in inositol phospholipids. Class I PI3Ks are heterodimers consisting of a catalytic subunit (p110) and an adaptor subunit (p85). Subclass IA PI3Ks are activated by receptor protein tyrosine kinases (RPTKs), subclass IB PI3Ks are activated by receptors coupled with G proteins. The substrate for class I PI3Ks is phosphatidylinositol-4,5-biphosphate (PIP2). Activation of RPTKs (figure 4) (57) leads to autophosphorylation on tyrosine residues. PI3K is Figure 5 . Activation of PI3K-AKT (AKT) signaling pathway in melanoma occurs through loss of PTEN, a negative regulator for PI3K-induced signaling, autocrine and paracrine growth factors, and adhesion receptor signaling. translocated to the cell membrane and binds to phosphotyrosine consensus residues of RPTKs through one ore two SH2 domains in its adaptor unit. This results in allosteric activation of the catalytic subunit. Activation of the catalytic subunit leads to production of phosphatidylinositol-3,4,5-triphosphate (PIP3). PTEN (phosphatase and tensin homologue deleted from chromosome 10) is a PIP3 phosphatase and negatively regulates the PI3K-AKT pathway. PIP3 recruits signaling proteins with pleckstrin homology (PH) domains to the cell membrane. Many proteins have PH domains including AKT, also named proteinkinase B (PKB), and protein serine/threonine kinase 3'-phosphoinositide-dependent kinase 1 (PDK1). The AKT/PKB family comprises three isoforms, Akt1, Akt2 and Akt3, with up to 80% of amino acid homology though they are produced by different genes. The N-terminal region contains a PH domain with approximately 100 amino acids. The kinase domain is similar to those of proteinkinase A and proteinkinase C and holds a regulatory phosphorylation site (T308 in AKT1). The C-terminal region includes a second regulatory phosphorylation site (S473 in Akt1). T308 and S473 phosphorylation is required for maximal AKT activation. PIP3 interacts with the PH domain of AKT. The interaction likely induces conformational changes in AKT, thereby exposing the two main phosphorylation sites. PDK1 which is thought to be constitutively active phosphorylates AKT at T308. T308 phosphorylation stabilizes the activation loop in an active conformation and is required for activation of the kinase. S473 phosphorylation is required for full activation of the kinase. The responsible AKT S473 kinase/PDK2 has not yet been identified. Active AKT translocates to the nucleus where many of its substrates are localized. AKT mediates the activation and inhibition of several targets resulting in cellular survival and proliferation.
Activation of AKT signaling pathway in melanoma
AKT overexpression or activation has been documented in many types of human cancer (58) . Recent evidence indicates that malignant melanoma also contains activated AKT (29, 59). Constitutive activation of AKT was observed in most melanoma cell lines and melanoma samples of different progression stages. Recently, Dai et al. demonstrated that increased phospho-Akt expression is significantly associated with melanoma progression and a worse patient survival (60) .
PTEN (phosphatase and tensin homologue deleted from chromosome 10) dephosphorylates PIP3 at 3' inositol position and acts as a negative regulator for PI3K-induced signaling (figure 5). PTEN activity loss leads to permanent PI3K/AKT pathway activation. PTEN is frequently mutated in advanced stages of several human cancers (61) . Loss of tumor suppressor genes on chromosome 10 has been reported to contribute to the development of 30 -60% of sporadic melanomas (62) . Recent evidence suggests that PTEN is one of the genes on chromosome 10 of which the loss may play an important role in melanoma development (63) . Furthermore, Stahl et al. reported recently that selective activation of Akt3 occurs in 43 -60% of sporadic melanomas as a result of a combination of decreased PTEN protein activity due to loss or haploinsufficiency of the PTEN gene and increased Akt3 expression accompanying copy number increases of the Akt3 gene (64) . Permanent PI3K/AKT pathway activation may also occur in tumor cells expressing constitutively active Ras (65, 66) . (68, 30, 69, 29, 27, 70, 49) . Recent work provided evidence that the adhesion molecules N-cadherin and MelCAM activate the AKT signaling pathway ( figure 5) (29, 30) , and that the adhesion molecule alphavbeta3 integrin activates the MAPK and AKT signaling pathways (figure 5) (28).
Role of AKT signaling pathway in melanoma survival/apotosis
AKT activates a number of diverse downstream antiapoptotic pathways (71) . AKT phosphorylates and activates the transcription factor cyclic AMP response element-binding protein (CREB) and the IκB kinase that activates the transcription factor nuclear factor-κB (NF-κB). Both CREB and NF-κB regulate the expression of survival genes. AKT inactivates by phosphorylation the proapoptotic factors Bad and procaspase-9 as well as the Forkhead family of transcription factors which induce the expression of proapoptotic factors such as Fas ligand. Moreover, activated AKT appears to mediate resistance to apoptosis induced by TNF-Related Apoptosis-Inducing Ligand (TRAIL)/APO-2L (72, 73, 74) . A recent study identified the downregulation of the GTPase RhoB, a suppressor of transformation, invasion and metastasis, as a mechanism by which the Ras-PI3K-AKT signaling pathway induces tumor survival (75) . Adenoviral-mediated expression of a kinase-dead mutant of AKT induced apoptosis selectively in tumor cells and suppressed tumor growth in mice (76) .
Several reports have evoked the role of the PI3K-AKT signaling pathway in melanoma tumorigenicity and resistance to apoptosis (77, 78, 79) . Adenoviral transfer of PTEN into melanoma cells containing wild type PTEN alleles led to inhibition of AKT phosphorylation, and to tumor-specific apoptosis and growth inhibition (79). Dhawan et al. confirmed that AKT is constitutively activated in human melanomas and demonstrated that AKT enhances melanoma cell survival through NF-κB (p50/65) activation (59) . A recent study demonstrated that the PI3K-AKT signaling pathway mediates protection against TRAIL-induced apoptosis in human melanocytes (80) . TNF-related apoptosis-inducing ligand (TRAIL) promoted apoptosis of human melanocytes. Stem cell factor (SCF), a melanocyte growth factor that activates both the PI3K-AKT and the MAPK signaling pathways, protected melanocytes from TRAIL-induced apoptosis. Inhibition of PI3K or AKT completely blocked the antiapoptotic effect of SCF, while inhibition of ERK had a moderate effect. Furthermore, sustained activation of the PI3K-AKT signaling pathway by forced expression of an activated PI3K catalytic subunit blocked TRAIL-induced apoptosis in melanocytes, whereas sustained activation of ERK by expression of an active BRAF construct did not affect TRAIL-induced melanocyte apoptosis. These observations point out to the key role of the PI3K-AKT signaling pathway in survival of melanocytes, thereby favoring melanocyte growth and transformation.
N-cadherin dependent AKT activation has been shown to enhance melanoma cell survival (30). N-cadherin mediated cell adhesion activated AKT which subsequently inactivated the proapoptotic protein Bad and stabilized the antiapoptotic protein beta-catenin. Blocking of N-cadherin mediated intercellular interaction by N-cadherin specific antibodies increased the number of cells undergoing apoptosis. A recent study provided evidence that the adhesion molecule MelCAM and PI3K-AKT are reciprocally regulated forming a bidirectional signaling network (29). This study showed that in melanoma cells, 1) the PI3K-AKT signaling pathway is constitutively activated, 2) activation of the PI3K-AKT signaling pathway positively regulates the expression of the adhesion molecule MelCAM, and 3) the expression of the adhesion molecule MelCAM activates the PI3K-AKT signaling pathway and subsequently inactivates the proapototic protein BAD resulting in increased cell survival. Furthermore, inhibition of MelCAM in a highly metastatic melanoma cell line led to increased apoptosis in human skin reconstructs and decreased tumorigenicity in mice (69, 81) . These results suggest that the adhesion molecule MelCAM is a survival factor for melanoma by activating AKT signaling pathway and inhibiting proapoptotic protein BAD.
Role of AKT signaling pathway in melanoma proliferation
AKT modulates the function of several substrates involved in the regulation of cell cycle progression and cell growth (57) . A key mechanism for AKT modulation of specific substrate activity is the regulation of their cytoplasmic or nuclear localization by phosphorylation. AKT inhibits glycogen synthase kinase-3 (GSK3). Inhibition of GSK3 catalytic activity prevents phosphorylation of the cytoplasmic signaling molecule β-catenin and impedes its degradation. β-catenin translocates to the nucleus, combines with various transcription factors and induces the expression of several genes such as cyclin D1 that induces cell cycle progression. Inhibition of GSK3 catalytic activity by AKT also decreases phosphorylation of cyclin D1 and stabilizes it (82) . AKT phosphorylates the cyclin-dependent kinase inhibitors p21 and p27, retains them within the cytoplasm and inhibits their antiproliferative effects (83, 84) . AKT phosphorylates Mdm2 that enters the nucleus which leads to inhibition of p53 regulated processes. (85) . Finally, AKT stimulates growth by phosphorylating the tumor suppressor TSC2 (tuberous sclerosis complex 2) and inhibiting formation of a TSC1:TSC2 complex. The TSC1:TSC2 complex inhibits the p70 ribosomal protein S6 kinase 1, an activator of translation, and activates the eukaryotic initiation factor 4E binding protein 1, an inhibitor of translational initiation. These functions of the TSC1:TSC2 complex are mediated by inhibition of mammalian target of rapamycin (mTOR) (86, 87, 88, 89, 90) . Inhibition of in vitro proliferation and in vivo tumor growth of human tumor cells has been described following blockade of AKT signaling by adenoviral-mediated expression of a kinase-dead mutant of AKT (76) .
In melanoma, adenoviral transfer of PTEN (Ad-PTEN) into melanoma cells containing wild type PTEN alleles led to tumor specific growth inhibition with concomitant inhibition of AKT phosphorylation (79) . Radial growth phase WM35 melanoma cells and metastatic MeWo melanoma cells were treated with Ad-PTEN. Three days after infection melanoma cells were harvested and subjected to cell cycle analysis. In both, radial growth phase and metastatic melanoma cells, Ad-PTEN caused G2/M block. This is in line with a study by Bedogni et al. (55) . Immunodeficient mice that received s.c. injection with 1984-1 melanoma cells, derived from a TPras mouse melanoma, were topically treated with the PI3K inhibitor Ly294002. When comparing tumors from the control and Ly294002-treated mice, tumors treated with the PI3K inhibitor Ly294002 exhibited a significant decrease in cell proliferation.
Role of AKT signaling pathway in melanoma invasion
AKT contributes to invasiveness of tumor cells by inhibiting anoikis, a form of apoptosis induced by loss of adhesion or adhesion to inappropriate ECM, and stimulating matrix metalloproteinase secretion (57) . Treatment of 1984-1 melanoma cells with the PI3K inhibitor Ly294002 blocked their invasive behavior in vitro and in vivo which correlated with reduced expression and activity of MMP-2 (55) . Recently, downregulation of the GTPase RhoB, a tumor suppressor, has been recognized as a mechanism by which the Ras-PI3K-AKT signaling pathway induces tumor cell survival, invasion and metastasis (75) . Jiang et al. demonstrated that Ras downregulates RhoB expression through PI3K-AKT but not MAPK signaling. Blockade of PI3K/AKT led to upregulation of RhoB expression. Ectopic RhoB expression inhibited Ras, PI3K and AKT induced tumor cell migration and invasion, induced apoptosis and anoikis, and inhibited melanoma metastasis to the lung in mice.
PI3K-AKT blockade by adenoviral transfer of PTEN into metastatic melanoma cells suppressed melanoma cell migration accompanied by increased levels of cell surface E-cadherin (79) . These findings suggest that the PI3K-AKT signaling pathway is involved in the regulation of cadherin-mediated cell-cell adhesion and migration processes. Consistent with these findings, Li et al. reported that in melanoma cells, autocrine hepatocyte growth factor (HGF) causes constitutive activation of both the PI3K-AKT and MAPK signaling pathways and subsequently downregulates E-cadherin (21). The loss of Ecadherin expression during melanoma development is accompanied by the gain of N-cadherin expression. A study by Li et al. (30) demonstrated that the adhesion molecule N-cadherin mediates homotypic aggregation among melanoma cells as well as heterotypic adhesion of melanoma cells to dermal fibroblasts and endothelial cells, which may improve their ability to migrate through stroma and enter the vasculature. Furthermore, N-cadherin mediated intercellular interactions activated the PI3K-AKT signaling pathway, and promoted survival of melanoma cells as well as migration of melanoma cells over dermal fibroblasts. Together, these results indicate that the cadherin subtype switching from E-to N-cadherin during melanoma development not only frees melanocytic cells from the control by keratinocytes but also provides growth and possibly metastatic advantages to melanoma cells. The adhesion molecule MelCAM and PI3K-AKT are reciprocally regulated (29). Mel-CAM is usually not expressed in benign melanocytic lesions (91) . In contrast, it is strongly expressed in melanomas, the degree of expression being correlated to tumor thickness and metastatic potential (92) . MelCAM-transfected melanoma cells exhibit an enhanced MMP-2 activity (93). MelCAMnegative melanoma cells with low tumorigenic potential became highly tumorigenic and metastatic upon transfection with MelCAM (92, 69, 81) . Inhibition of MelCAM in a highly metastatic melanoma cell line resulted in reduced invasion in human skin reconstructs and decreased tumorigenicity in mice (69, 81) . Overall, the results of the research conducted on this issue to date indicate that the adhesion molecule MelCAM plays a multifunctional role in melanoma invasion and metastasis.
CONCLUSION AND FUTURE PERSPECTIVES
The Ras-Raf-MEK-ERK (MAPK) and the PI3K-AKT (AKT) signaling pathways modulate the function of numerous substrates involved in the regulation of cell survival, proliferation and invasion. In melanoma, both the Figure 6 . The Ras-Raf-MEK-ERK (MAPK)and PI3K-AKT (AKT) signaling pathways present promising molecular targets for the effective treatment of malignant melanoma. The MAPK and AKT signaling pathways are constitutively activated in melanoma and assume key functions in melanoma development and progression. Various molecules known to play key roles in melanoma development and progression such as the adhesion molecules MelCAM, alphavbeta3 integrin and N-cadherin as well as several growth factors are regulated by these pathways and/or activate the same. In melanoma, therefore, effective therapeutical targeting may involve both MAPK and AKT signaling pathways. ECM = extracellular matrix; GFs = growth factors; RTKs = receptor tyrosine kinases; Shc = adapter protein linking RTK and Grb2; Grb2 = growth-factor-receptor-bound protein 2 adapter protein; SOS = GDP/GTP exchange factor son of sevenless.
MAPK and AKT signaling pathways are constitutively activated through multiple mechanisms, and thus exert several key functions in melanoma development and progression. Intriguingly, several molecules known to play key roles in melanoma development and progression such as the adhesion molecules E-/N-cadherin, MelCAM and alphavbeta3 integrin are regulated by these pathways and/or activate the same (figure 6). Overall, the results of the research conducted on this issue to date strongly indicate that in melanoma effective therapeutical targeting may involve both MAPK and AKT signaling pathways (figure 6). This hypothesis is supported by the recent observation that BAY 43-9006, a potent RAF kinase inhibitor, is not potent enough to elicit a sufficient response as a monotherapy. A study by Karasarides et al. (37) showed that BAY43-9006 targets B-Raf signaling in vitro and in vivo, and induces a substantial growth delay in human melanoma xenografts in mice. However, the RAF kinase inhibitor BAY43-9006 was unable to completely cure the mice. Moreover, in a phase II randomized discontinuation trial the RAF kinase inhibitor BAY 43-9006 had very modest activity as a single agent in patients with advanced melanoma (94) . Interestingly, a phase I/II trial of BAY43-9006 administered in combination with carboplatin and paclitaxel demonstrated preliminary antitumor activity in metastatic melanoma with a favorable safety profile (95) .
The biological properties of tumor cells are thought to be the sum of activation of many genes. However, there may be key molecules which represent unique points of vulnerability for tumor cells and thus present targets for curative therapies. Indeed, despite the complexity of genetic and epigenetic alterations in malignant tumors, recent evidence strengthens the hope that the specific targeting of one or perhaps a few critical molecules may be sufficient to elicit a significant clinical response. As example, the treatment of patients with chronic myelogenous leukemia (CML) or gastrointestinal stromal tumor (GIST) with imatinib mesylate, a small molecule inhibitor of the ABL and KIT tyrosine kinases, induces dramatic remissions with minimal toxicity (96, 97) . The results in CML and GIST are highly encouraging and suggest that essential pathways may exist in other malignant tumors. The results of the research to date indicate that in melanoma both the MAPK and the AKT signaling pathways may represent therapeutic targets analogous to ABL and KIT.
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